We report the synthesis of rare-earth manganese-oxide-based nanotubes. The pore wetting technique was used to obtain structures of nominal composition La 0.325 Pr 0.300 Ca 0.375 MnO 3 with 800 nm external diameter, 4000 nm length, and wall thickness below 100 nm exhibiting magnetic and magnetoresistive behavior below 200 K, including nonvolatile memory. Walls are found to be formed by small crystals of approximately 20 nm. Structures obtained using different diameter of pores, as small as 100 nm, have a similar aspect ratio. Results show the realization of nanotubes of manganites exhibiting intrinsic phase separation.
Nanometric structures made of oxides attract attention in both applied and basic research. While different conducting ͑i.e., Co, C͒ and nonconducting ͑i.e., SiC, BN͒ wires and tubes were studied during the last years, including metal/ polymer composites, 1 oxides were only recently focused on. Among others, rare-earth manganese-oxide-based compounds ͑manganites͒ emerge as candidates for functional applications, as their very interesting properties 2 can be tuned by small external forces. Wet filling of different porous templates is nowadays a commonly used strategy for obtaining either ordered or disordered nanotubes of ferroelectric oxides, 3 with the aim of interfacing them with planar siliconbased architectures. Full spin-polarized transport can be achieved in homogeneous manganites. While the role of nanometer-sized particles on their magnetoresistance ͑MR͒ is widely known, 4 macroporous submicrometric structures of ferromagnetic ͑FM͒ La 0.7 Ca 0.3 MnO 3 obtained from colloidal templates 5 and single crystalline nanowires of La 0.5 Sr 0.5 MnO 3 obtained using hydrothermal synthesis 6 were reported.
Manganites are also the focus of renewed interest 2 due to their intrinsic tendency towards submicrometric coexistence of very much dissimilar phases, which render unusual magnetic and electric properties on the macroscopic scale. 7 Thus, the relative amount of coexisting phases can be tuned by small changes of external forces due to the presence of extremely competing interactions. In this way, information can be imprinted on the material, which acts as a nonvolatile memory device. 8, 9 In addition, strain is expected 10 and found 11, 12 to produce computable and controllable effects on macroscopic properties.
We report the synthesis and characterization of nanotubes made of a perovskite rare-earth manganeseoxide-based compound with nominal composition La 0.325 Pr 0.300 Ca 0.375 MnO 3 ͓LPC͑0.3͔͒, corresponding to a prototypical manganite exhibiting intrinsic phase coexistence for bulk samples. 9, 13 Pore wetting was used to obtain LPC͑0.3͒ cylindrical manganite structures. We obtained the porous structure by wet etching previously heavy ion irradiated films of either Mylar™ or polycarbonate, following standard recipes.
14 These membranes were then filled with the precursor solution of the corresponding metal oxide. Subsequent thermal treatments were used to allow crystallization and development of the structures. Semi-quantitative energy dispersive analysis of the obtained material confirmed the nominal stoichiometry. Figure 1 shows a scanning electron microscope ͑SEM͒ image of the obtained material. As apparent, these submicrometric structures are cylinders of diameter 800 and 4000 nm length; that is, with aspect ratio around 1/5. It is clearly observed that the structures are hollow. The change of brightness due to electron emission was tested for different specimen beam angles, thus confirming the formation of Mnoxide-based nanotubes. Wall thickness appears to be around 100 nm. Small white zones and contours around the cylinders are presumably vestiges of the template. As expected, the actual diameter of these structures and their packing fraction are mainly determined by original features of the membranes. Results using pores as small as 100 nm exhibit similar aspect ratio. The X-ray diffraction ͑XRD͒ pattern ͑recorded with Cu K ␣ radiation at room temperature͒ of this powder is shown in Fig. 2 . The pattern revealed the perovskite structure corresponding to the LPC͑0.3͒ compound synthesized unconfinedly (aϭ0.5446 nm, bϭ0.7683 nm, and c ϭ0.5449 nm) without any other secondary or impurity oxide phase, broad peaks signaling the small crystallite size. Broad peaks tend to decrease when the sample is further annealed above 1073 K. For comparison, the patterns of a powder sample obtained following the same route but without membrane confinement, and that of powder annealed at 1673 K are shown. Figure 3 shows a transmission electron microscope ͑TEM͒ image of a single LPC͑0.3͒ structure. A CM 200 Philips microscope with an acceleration voltage of 200 keV was used for the observations. At the edges of the object, the bright contrast suggest that the wall is incomplete. The rounded wall surrounding the central hollow is open at the extremes. The central region appears dark, as walls close completely when far from the edges. The detail of the walls appears wavy on the 20 nm scale, as if they were formed by many tiny crystals. This fact was confirmed by the electron diffraction pattern ͑DP͒ of the nanotube ͑Fig. 3 inset͒. The DP shows the presence of concentric rings, this being typical of polycrystalline structures. A dark-field image and the DP formed at the single wall confirm that single crystals sized around 20 nm are the constitutive ''bricks'' of the walls. As apparent from Figs. 1 and 3, a uniform coating of the pore was obtained, with a constant width along the whole length of the structures.
A commercial superconducting quantum interference device magnetometer was used to study their magnetic properties. The magnetization ͑M͒ as a function of temperature, while heating after field-cooling ͑FC͒ and zero-field-cooling ͑ZFC͒ using a magnetic field of Hϭ0.5 T, is plotted in Fig.  4 . Below 200 K, M increases notably and it tends to saturate at lower temperatures as a FM-like material. However, an appreciable difference between both processes ͑FC and ZFC͒ can be observed below 70 K. The bottom inset of Fig. 4 displays the inverse of the magnetic susceptibility ( Ϫ1 ), taken as H/M , and showing a linear behavior for temperatures above 220 K. This paramagnetic behavior can be related by the Curie-Weiss relation ͓ϭC/(TϪ⌰)͔ with a positive Curie temperature (⌰ϭ170 K), confirming that the dominant interactions are the FM contributions.
The top inset of Fig. 4 shows a M versus H curve at 5 K. The saturation magnetization reaches 55% of the bulk material value, which is n s ϭ0.625 n S (Mn 3ϩ ) ϩ0.375 n S (Mn 4ϩ )ϭ3.635 B . This difference may be due both to a mass overestimation ͑i.e., nonreacted raw materials and organic residue from the template͒ and to the extremely disordered nature of the material ͑high surface to volume ratio͒, affecting the bulk phase coexistence relation. Assuming that only the 55% of the mass corresponds to the manganite, we have corrected the values of the high-temperature magnetic susceptibility. In order to take into account the magnetic Mn lattice contribution, we have subtracted to this corrected , the diamagnetism of the ion cores (Ϫ60.75 ϫ10 Ϫ6 emu/mol) and the paramagnetic Pr 3ϩ contributions. After these corrections, the ⌰ value ͑172 K͒ is very close to the one obtained without corrections. Nevertheless, the Curie constant obtained is 2.39 emuK/mol in very good agreement with the expected value (C th ϭ2.48 emu K/mol) for the corresponding amounts of Mn 3ϩ (Sϭ2) and Mn 4ϩ (Sϭ3/2) defined by the nominal stoichiometry of the compound. A pellet was formed with the nanotubes, and sinterized at 1073 K. Although individual structures are presumably broken, the attempt allows us to obtain transport data of the material. Using the four-probe standard method, an insulating to metal transition at 100 K and sizeable MR for H Ͻ1 T below 200 K was found, in agreement with M measurements. With Hϭ0.7 T, MR around 30% was obtained at 20 K. Nonvolatile magnetoresistive memory at 100 K was observed, with similar quantitative figures to those already reported 9 for bulk LPC͑0.3͒. This fact is due to the assisted irreversible growth of the FM phase against the non-FM host in coexistence, a signature of intrinsic phase separation. 8, 9 On the other hand, we obtained no signatures of charge ordering, either in transport or in magnetic measurements as a function of temperature.
Summarizing, the synthesis of manganite submicrometric tubes is reported, and their SEM, TEM, RX, magnetization and electrical transport characterization are given. The use of pore filling is demonstrated as feasible for Mn-based oxides exhibiting phase coexistence. Magnetization results show that these La 0.325 Pr 0.300 Ca 0.375 MnO 3 nanotubes are mainly ferromagnetic below 200 K and paramagnetic above this temperature. At low temperature, some degree of frustration was observed, and low-field MR/H around 40%/T was achieved. Such structures constitute a tool both for spin-polarized injection and for their use as magnetic storage media.
